It has long been recognized that various genetic and metabolic human disorders alter body odor, which is not surprising because they may alter body chemistry. Thus, it has been suggested that some human diseases may be diagnosed by odor alone. In that regard, the mouse mammary tumor virus (MMTV) and its tumors of mice, which may have human counterparts, are of special interest because of the need for basic research possible only in inbred and genetically defined animals. Accordingly, we now show that the mouse MMTV, whether obtained environmentally or genetically transmitted, alters the body odor of mice in both males and females, and regardless of the presence or absence of tumors. These observations, together with the prospect of artificial human odor discrimination, may aid in the search for early human diagnostics.
chemosensation ͉ olfaction ͉ pheromones ͉ disease diagnosis L ittle systematic study of the potential role of odors for disease diagnosis has been conducted despite the many indications that such odors are produced (1, 2) and may be used in medical practice (for examples, see refs. 3 and 4). In part, this result may be due to the vast individual differences in human body odor because of genetic and environmental influences that confound rigorous testing. Thus, an animal model for which genetic and environmental factors are held constant and only the presence or absence of the disease vector is allowed to vary provides a valuable system to study body odor and disease. Mouse mammary tumor virus (MMTV) affords a favorable model with which to test for changes in odor profiles that arise before overt disease from infection with an oncogenic retrovirus or from its premalignant (mammary nodules) and malignant sequelae (5) . Such mammary tumors are notably lacking in cachectic, metastatic, and other general systemic effects on the host that might be expected to alter body odor in a nonspecific manner (e.g., ref. 6).
Infectious MMTV is acquired by newborn pups when suckling on mothers that shed virus into milk. MMTV replicates by reverse transcription of its RNA genome into DNA, leading to chromosomal integration in infected cells (5) . Mouse strains that are genetically susceptible to MMTV infection have a high incidence of mammary tumors, preceded by a premalignant phase of increasing occurrence of mammary nodules. Tumor formation is hormone dependent, with the incidence of nodules and tumors greater in multiparous females (5) . Because life-long productive infection is most easily induced when the virus is received during the postnatal period of immunological tolerance and because MMTV is characteristically transmitted in the milk, strains of genetically identical infected and uninfected mice can be produced at will by foster nursing. These mice will differ only in presence or absence of productive MMTV infection. As shown below, these mice also develop a distinct odor as a consequence of the infection.
MMTV infection is known to require competent immune function, and MHC Class II molecules play a central role in its life cycle. During the course of an MMTV infection, a virally encoded protein termed the superantigen (Sag) is presented by the MHC Class II on B cells to T cells bearing specific V␤ chains of the T cell receptor (7, 8) . After their initial activation, these T cells are deleted from the immune repertoire through apoptosis. Because MMTV infection has such a profound effect on the T cell repertoire of infected animals, it is possible that the viral phenotypic odor we document below is related to this alteration in the immune system mechanisms.
MMTV can also be transmitted genetically as an endogenous provirus. Most mouse strains have one or more endogenous proviruses, but they rarely produce viral particles that can be transmitted exogenously. As with exogenous MMTV, endogenous proviruses cause specific deletion of T cell subpopulations during the neonatal shaping of the immune repertoire. Thus, mice with endogenous MMTVs, rather than showing a gradual deletion of superantigen-cognate T cells, are essentially T cell deleted from birth (reviewed in ref. 7) . Similarly, transgenic mice that express MMTV Sags also show neonatal deletion of cognate T cells (7) . Consequently, if the effects of exogenous MMTV are due to activity of the viral genes on immune function, endogenous or transgene-encoded MMTV should also be characterized by a specific odor. As further shown below, this result is what we found.
Materials and Methods
Mice. Three classes of mice were used as follows: (ii ) Odor donor mice with endogenous MMTV. Donor mice with MMTV as a transgene were C3H͞HeN mice that contained a MMTV provirus that expresses the C3H exogenous envelope and Sag proteins (10) . These mice are termed HYB PRO ϩ and the nontransgenic control littermates are HYB PRO Ϫ . Transgenic mice were maintained in the heterozygous state, and, thus, the cross (HYB PRO
) yielded half transgenic heterozygotes and half nontransgenic homozygotes. Affected and nonaffected littermates served as odor donors. After weaning, these mice were typed for presence͞absence of the transgene by using standard PCR procedures.
(iii ) Trained sensor mice. These mice were either C57BL͞6Boy or congenic B6-H-2 k adult females. The numbers, age ranges, and gender of odor donors are tabulated in Table 1 . Procedures for collecting odor stimuli are described in Table 2 .
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. odors. Which of the two alternatives to be rewarded for any one trained mouse was arbitrarily determined; experience with MHC distinctions indicates that any mouse can be trained to make a given distinction: it makes little difference which of any two alternative odors presented is chosen for reinforcement.
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Detailed procedures for training and testing are described elsewhere (11, 12) . Brief ly, air is conducted through two odor boxes, containing either animals (groups 1, 3, and 5) or urine samples exposed in Petri dishes (all other groups), to the two arms of the maze. Each odor box has a hinged lid to admit odor sources: either mice temporarily housed in wire mesh containers or a Petri dish containing urine. The air currents then pass to the left and right arms of the maze, which have hinged transparent lids and are exhausted to the exterior. Each arm of the maze is fitted with a plastic tube perforated at the bottom to make one drop of water available. Each water tube is guarded by a fence that is raised only if the mouse enters the arm scented by the odor concordant with its training. Each arm of the maze is fitted with a gate that is lowered once the mouse has entered. The time interval in the starting compartment is set at 30 s to allow for changing the odor sources in the odor boxes and for replacing the drop of water (if indicated); after this interval, on a timed signal, all three gates are raised to commence the next trial. Left-right placing is decided by a series of random numbers suited to the sample size. The time taken for a trained mouse to make a choice is 2 or 3 s; the choice is made without pause, or after sniffing at the entrance Table 1 . Mice were used either as odor sources themselves (groups 1, 3, and 5) or to provide urine (groups 2, 4, 6, and 7). For mice as odor donors, one mouse was housed in a wire mesh cage that fit comfortably within the odor box. For each trial, different pairs of individual mice, differing in MMTV status, served as odor generators. Urine odor stimuli were obtained from mice by gentle abdominal pressure (males) or in metabolic cages (females). Usually, a single mouse provided enough urine (0.2-0.3 ml) to cover the bottom of a 3.5-cm-diameter Petri dish, but sometimes two mice were needed. Fresh samples from different donors were used for each run. Generally, on each day of testing, a given combination of two numbered donors was not repeated. Virtually all MMTV ϩ female odor donors, and no MMTV Ϫ female odor donors, developed mammary tumors after being bred following completion of these trials. ‡ Trained (sensor) mice were either C57BL͞6Boy or congenic B6-H-2 k adult females; four sensors were assigned to the distinctions of groups 1, 2, and 3; three sensors to group 4; and five sensors to groups 5, 6, and 7. Approximately half the trained sensors were reinforced in the Y-maze for MMTV ϩ odor, the remainder for MMTV Ϫ odor. C, Concordant with training (''correct''); NC, Non-concordant (''not correct''). § Generalization trials were conducted with odors of MMTV ϩ and MMTV Ϫ mice or urines not previously encountered by the sensors. Sensors were never reinforced for concordant responses in these trials, allowing for blind testing, and thus providing a critical test of discrimination between presence and absence of MMTV. * , P Ͻ 0.05 (binomial test); ** , P Ͻ 0.01; *** , P Ͻ 0.001. to the arms, or sometimes with brief retracing from one arm to the other.
During training, if the choice is discordant (incorrect), the fence is not raised, and the mouse is returned to the starting compartment. If the choice is concordant (correct), the fence is raised to give access to the drop of water.
Generalization testing. Critical trials involve generalization without reward. The purpose of this procedure is to test new urine samples without reward and thus obviate the possibility that incidental cues were being learned. Test mice are trained until they achieve concordance scores of greater than 80% in distinguishing the two donor panels. In subsequent training, reward for correct trials is withheld on average every fourth trial. Concordance for unrewarded trials is consistently as high as for rewarded trials. Next, odors from two other generalization panels of donors are presented, on average, every fourth trial. Correct responses on this discrimination are never rewarded. Test mice have never before been trained with urines from any individuals in these generalization panels. When concordance in these generalization tests is greater than chance level, it is concluded that a commonality exists in the factors differentiating the training and generalization pairs of odor stimuli. A marked advantage of this technique is that it lends itself to blind testing of coded samples; the operators of the maze do not know the identity of the generalization odors because they are never required to supply reward.
Results
Trained mice discriminated female or male mice with and without MMTV viral infection as well as urines collected from these classes of mice ( Table 2 , groups 1-4). It is likely that only MMTV infection was responsible for this discrimination because we have found that adventitious genetic differences between maternal genomes do not influence odortypes of offspring (e.g., female offspring of the reciprocal crosses AKR ϫ B6.Y AKR and B6.Y AKR ϫ AKR do not differ in odortype; ref. 13 ). Nevertheless, because these tested mouse strains had been maintained separately for some generations, and may have undergone genetic drift, we selected the MMTV Ϫ strain to rederive the two lines. Half these offspring were fostered on the MMTV ϩ strain, producing two groups of genetically identical mice differing only for MMTV infection. These mice, and their urines, were then tested in the Y-maze and were found to be odor disparate by the trained sensor mice ( Table 2 , groups 5 and 6).
To further verify the generality of MMTV-specific odor and to provide insights into possible mechanisms of odor production, we next tested whether mice could be trained to discriminate the urine odors of transgenic mice containing functional intact proviral genomes on a C3H͞HeN genetic background (MMTV-HN). These mice transmit MMTV genetically (males and females) or as an infectious, tumorigenic agent through milk (females) (14, 15) . To prevent transmission of this infectious virus to offspring, nontransgenic females were bred with heterozygous transgenic HYB PRO males, and their transgenic and nontransgenic offspring were used. Significant discrimination of urines from male heterozygotes vs. nontransgenics indicated that genetically transmitted MMTV also confers a distinctive odor ( Table 2, group 7) .
Discussion
These studies show that mice can be trained to discriminate female or male mice or their urine odors based on the presence vs. absence of MMTV, acquired either through infection or genetically. Furthermore, odor distinction based on the presence of virus occurs in the absence of overt disease. The mechanism for distinction odor production is not known. The life cycle of infectious MMTV, a B-type retrovirus, is tightly linked to the immune response. After initial ingestion in infected milk, MMTV crosses the intestinal barrier of neonates and invades the lymphoid cells of Peyer's patches and spreads to all lymphoid organs before arriving at the epithelial cells of the mammary glands, its jumping-off point to the next generation (5) . Because there is a Sag encoded in the virus, infection is accompanied by deletions in the T cell repertoire; deletions also occurs in genetically transmitted MMTV. Thus, the odor differences observed between MMTV ϩ and MMTV Ϫ mice may be attributable to MMTV-associated perturbations of the immune system (including those related to MHC molecules, which induce strong responses in the Y-maze and other test systems; refs. [16] [17] [18] [19] , rather than to the virus itself. Whether the odor difference is due to the presence of infectious virus or to Sag-mediated alterations of the immune system can be determined by using C3H͞HeN transgenic mice that contain only the MMTV sag gene.
A number of studies (1) have demonstrated that body odors of animals infected with certain parasites (e.g., protozoa and nematodes) and viruses are avoided. Generally, these studies have evaluated odors of animals with acute illness. It would be of interest to determine whether mice harboring latent exogenously transmitted MMTV infection are also avoided. There are indications that endogenous MMTV provides protection against exogenous infection (20) . Consequently, a mating preference for mice with genetically based MMTV might be expected.
Whether these odors are specific to different types of MMTV (5) or to other viruses, and the extent to which viral and other diseases can be diagnosed before any overt symptoms in mice or other organisms such as humans, should be investigated. There have been several anecdotal reports of dogs' seeming ability to detect certain skin cancers (21) , and there is a recent report supporting this ability. ¶ It should be possible to verify this finding in a controlled study such as we have described here.
Our current model system is particularly timely because humans may harbor endogenous Sags (22) , and several recent studies (23) (24) (25) have implicated MMTV-like genes in some human breast cancers. Also, there is a wide variety of other viral diseases (e.g., HIV), for which obvious symptoms are slow to develop, that could be investigated for unique odor production. Finally, our data suggest that it would be profitable to investigate further the potential for diagnosis of viral infection, as well as other disease vectors, by using not only biological sensors as we have done here, but also some of the so-called artificial noses or e-noses (26) .
